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Microtubule plus-end tracking proteins are crucial for the regulation of microtubule dynamics.
Preitner et al. report that one such protein, adenomatous polyposis coli (APC), also binds RNA
and identify mRNAs encoding tubulin subunits within the brain APC-RNA interactome, suggesting
a new mode of microtubule self-regulation.Microtubules are an essential component
of the neuronal cell cytoskeleton. Stable
populations contribute to the mainte-
nance of cell shape and provide cellular
motorways for kinesin and dynein-medi-
ated transport, whereas polymerizing
microtubules drive neuronal polarization,
neuronal migration, and, after injury,
axonal regeneration (Stiess and Bradke,
2011). Microtubules are dynamic in the
growth cone tips and plus-end tracking
proteins (+TIPs) associate with growing
microtubule plus-ends to regulate fila-
ment extension and consequently axonal
growth (Stiess and Bradke, 2011). In this
issue, Preitner et al. (2014) provide evi-
dence for the direct binding of a +TIP pro-
tein, adenomatous polyposis coli (APC),
to RNA.
Initially identified as a frequently
mutated gene in colon carcinomas (Kin-
zler and Vogelstein, 1996), APC is best
known as a potential tumor suppressor.
A large body of work subsequently estab-
lished its key role in canonical Wnt
signaling, a pathway responsible for regu-
lating the transcription of key genes
involved in cell proliferation and migration
(Clevers and Nusse, 2012). A convergent
line of inquiry uncovered the function of
APC in cytoskeletal regulation, both as
a +TIP and as a mediator of actin nucle-
ation, thereby also directing cell polarity,
migration, and adhesion (Breitsprecher
et al., 2012; Stiess and Bradke, 2011). In
mammalian fibroblasts, it has been shown
that APC associates with RNA granules in
cellular protrusions, and a third mode of
APC action, namely regulation of mRNA
localization, has been proposed (Miliet al., 2008). Using the powerful HITS-
CLIP (high-throughput sequencing of
RNA isolated by crosslinking immunopre-
cipitation) methodology, in tandem with
extensive bioinformatic analyses, Preitner
et al. now reveal the brain APC-RNA inter-
actome.
The HITS-CLIP workflow adopted by
the authors involves UV crosslinking of
RNA-protein complexes from embryonic
mouse (E14) brain homogenate and
immunoprecipitation of APC, followed by
high-throughput sequencing of the iso-
lated, radiolabelled RNA populations.
The first striking outcome from the subse-
quent data analysis is the high prevalence
of APC binding sites in mRNA 30-untrans-
lated regions (30-UTRs), known to be
important for the regulation of mRNA
stability, localization, and translation effi-
ciency (Holt and Schuman, 2013). Sec-
ond, at least one of three consensus
RNA motifs were identified within the
APC binding sites in 77% of target
mRNAs, providing evidence for some
degree of APC-RNA interaction speci-
ficity. Third, and arguably most intriguing,
is the very large overlap unveiled between
the APC-RNA interaction profile and the
protein networks associated with APC
function, immediately raising the possibil-
ity that APC-RNA interactions may play
roles in these processes. From their
APC-RNA interactome, the authors chose
b2B-tubulin as their exemplar to investi-
gate this concept. Gel shift assays
confirm direct interaction of a basic region
toward the C terminus of APC with a b2B-
tubulin 30-UTR mRNA and exclude the
possibility that other proteins associatedCellwith APC might be responsible for
observed b2B-tubulin mRNA binding.
Microtubules are assembled from a-
and b-tubulin heterodimers. Variability is
introduced into the microtubule frame-
work by the range of different a- and
b-tubulin subunits available. b2B-tubulin,
whose mRNA has previously been re-
ported to be enriched and locally tran-
scribed in axons (Gumy et al., 2011), is
important for the correct migration of
cortical neurons and for the formation of
axonal tracts (Bahi-Buisson et al., 2014).
In this issue of Cell, Preitner et al. (2014)
explore the consequence of disrupting
b2B-tubulin mRNA-APC binding in both
in vitro and in vivo experimental settings.
Blocking this interaction in cultured dorsal
root ganglion (DRG) neurons results in a
diminished number of dynamic microtu-
bules in the growth cone periphery and a
concomitant reduction in growth cone
area. Meanwhile, inhibiting b2B-tubulin
mRNA-APC binding in utero, led to clear
deficiencies in cortical neuron migration.
The authors propose a model whereby
direct APC-b2B-tubulin mRNA associa-
tion at the dynamic microtubule plus-
ends in the growth cone periphery, leads
to an increase in the local translation
of b2B-tubulin subunits and increased
microtubule polymerization, ultimately
regulating growth cone expansion and
neuronal migration (Figure 1).
The decentralization of genomic infor-
mation to genomic outposts for local
translation is proposed to be a common
mechanism in neurons (Holt and Schu-
man, 2013). Regulation of local protein
levels through mediating mRNA stability,158, July 17, 2014 ª2014 Elsevier Inc. 245
Figure 1. A Model for Microtubule Self-Organization
(A) Schematic of the neuronal growth cone. Stable microtubules, blue; dynamic microtubules, peach; actin, red.
(B) Close-up view of a filopodial tip, highlighting the components of the microtubule self-organization network proposed by Preitner et al. (2014). Selected APC
domains represented as follows: dark blue box, N-terminal dimerization domain; purple ovals, Armadillo repeats; blue-green box, basic domain; light blue circle,
C-terminal EB1 interaction domain. APC may be recruited to microtubule plus-ends via interaction with multiple binding partners including EB1 and the kinesin
motor KIF17, in addition to direct microtubule interactions. Scene corresponds to boxed area in (A).
(C) Suggested cycle of APC-mediated microtubule self-organization, leading to growth cone expansion and migration.
(D) When one step in the above cycle is disrupted, this would be predicted to lead to growth cone shrinkage and stalled migration.availability for translation, and localization
is an attractive model. Alternative poten-
tial modes of rapid protein accumulation
should not be neglected though. For
example, fast trafficking of AMPA recep-
tors (Hoerndli et al., 2013) and small
fragments of microtubules themselves
(Wang and Brown, 2002) have been
shown to occur along the microtubule
motorways. Therefore, besides recruiting
protein effectors and mRNAs through
direct interactions, as a +TIP protein,
APC may also facilitate the delivery of
new protein cargos through microtubule
regulation.
From bioinformatic analyses of the
brain APC-RNA interactome, Preitner
et al. identify a highly interconnected
cytoskeletal interaction network. Interpre-
tation of experiments in the current study
involving removal or inhibition of the basic
region of APC is complicated by the
involvement of this region in actin assem-
bly (Breitsprecher et al., 2012), as well as
RNA binding. Therefore the role of APC
in simultaneous actin and microtubule
regulation remains an important question
to address, as does the potential role of246 Cell 158, July 17, 2014 ª2014 Elsevier Inthe C-terminally truncated APC2 isoform,
which lacks the basic region. In addition
to b2B-tubulin, a1A-, and b5-tubulin iso-
forms are also found in the brain APC-
RNA interactome, posing the immediate
question whether mRNAs of other tubulin
subunits might localize to sites of
microtubule polymerization? Might addi-
tional +TIPs also contain RNA-interaction
domains and bind other tubulin mRNAs?
The ‘‘tubulin-code’’ hypothesis, proposes
that the precise tubulin composition of
microtubules, confers specificity (Verhey
and Gaertig, 2007). The distinct post-
translational modifications of different
tubulin isoforms have been shown to influ-
ence microtubule stability, allow selective
protein interactions, and govern the
motility of microtubule motors. The cur-
rent study (Preitner et al., 2014), raises
the possibility that tubulin isoform speci-
ficity may also be conferred via differential
regulation at the mRNA level.
The APC-RNA interactome reported by
Preitner et al. presents a large number
of additional candidates very worthy of
further study, particularly those involved
in the canonical Wnt signaling pathway.c.Looking beyond the arena of APC though,
microtubule self-organization via protein-
RNA network crosstalk is an alluring
model, inviting further investigation. Might
other assembly sites within the cell also
be able to gather building materials
through direct mRNA recruitment and
local protein translation? It will be fasci-
nating to discover whether this concept
may be applicable in other cellular
contexts.
ACKNOWLEDGMENTS
We thank Stanislav Vinopal for comments and
helpful discussions. We apologize to colleagues
whose work we were unable to cite due to space
constraints.
REFERENCES
Bahi-Buisson, N., Poirier, K., Fourniol, F., Saillour,
Y., Valence, S., Lebrun, N., Hully, M., Bianco,
C.F., Boddaert, N., Elie, C., et al.; LIS-Tubulinopa-
thies Consortium (2014). Brain 137, 1676–1700.
Breitsprecher, D., Jaiswal, R., Bombardier, J.P.,
Gould, C.J., Gelles, J., and Goode, B.L. (2012).
Science 336, 1164–1168.
Clevers, H., and Nusse, R. (2012). Cell 149, 1192–
1205.
Gumy, L.F., Yeo, G.S.H., Tung, Y.-C.L., Zivraj,
K.H., Willis, D., Coppola, G., Lam, B.Y.H., Twiss,
J.L., Holt, C.E., and Fawcett, J.W. (2011). RNA
17, 85–98.
Hoerndli, F.J., Maxfield, D.A., Brockie, P.J.,
Mellem, J.E., Jensen, E., Wang, R., Madsen,
D.M., and Maricq, A.V. (2013). Neuron 80, 1421–
1437.Holt, C.E., and Schuman, E.M. (2013). Neuron 80,
648–657.
Kinzler, K.W., and Vogelstein, B. (1996). Cell 87,
159–170.
Mili, S., Moissoglu, K., and Macara, I.G. (2008).
Nature 453, 115–119.
Preitner, N., Quan, J., Nowakowski, D.W., Han-
cock, M.L., Shi, J., Tcherkezian, J., Young-Pearse,CellT.L., and Flanagan, J.G. (2014). Cell 158, this issue,
368–382.
Stiess, M., and Bradke, F. (2011). Dev. Neurobiol.
71, 430–444.
Verhey, K.J., and Gaertig, J. (2007). Cell Cycle 6,
2152–2160.
Wang, L., and Brown, A. (2002). Curr. Biol. 12,
1496–1501.g-Secretase: A Horseshoe
Structure Brings Good Luck
Michael S. Wolfe1,* and Dennis J. Selkoe1,*
1Center for Neurologic Diseases, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA 02115, USA
*Correspondence: mswolfe@partners.org (M.S.W.), dselkoe@partners.org (D.J.S.)
http://dx.doi.org/10.1016/j.cell.2014.06.043
The intramembrane protease g-secretase is a key player in signaling and Alzheimer’s disease, but
its structural features have remained obscure. A structure reported recently reveals a horseshoe-
shaped arrangement of 19 transmembrane helices and an extracellular domain positioned for
substrate recognition. This advance bodes well for a finer resolution before long.When Galileo trained his telescope on
Jupiter, he only found 4 of the now 67
confirmed moons of the Giant Planet,
but his discovery represented a profound
leap in our understanding of the cosmos.
In an article in Nature, Lu et al. (2014)
now report the use of a new type of elec-
tron detector to determine the structure of
the g-secretase complex at about 4.5 A˚
resolution, too low for atomic detail but
nevertheless providing insights into the
apparent workings of this membrane-
embedded protease complex that is so
critical in biology and medicine.
The name g-secretase was first used to
describe a protease activity by which the
transmembrane domain (TMD) of the am-
yloid b-protein precursor (APP) is cleaved
to produce the amyloid b-protein (Ab) that
notoriously deposits in the brain in Alz-
heimer’s disease (AD). The discovery of
dominant mutations in the 9-TMD pro-
teins presenilin-1 and -2 (PS1 and PS2)
that cause rare forms of early-onset AD
(Sherrington et al., 1995) soon led to the
finding that presenilin is essential for
g-secretase activity (De Strooper et al.,1998) and is a founding member of a
new class of intramembrane-cleaving
protease (I-CLiPs) (Wolfe et al., 1999a).
With the discovery of two TMD aspartates
necessary for proteolytic activity (Wolfe
et al., 1999b), the presenilins were found
to recapitulate through convergent evolu-
tion the basic mechanism of soluble as-
partyl proteases. Other I-CLiPs include
the site 2 protease (S2P) family of metallo-
proteases and the rhomboid family of
serine proteases.
But g-secretase is much more than pre-
senilin. Threeothermembraneproteinsare
also essential subunits of the protease
complex: nicastrin, Aph1, and Pen2. The
four components assemble together in
the ER, whereupon presenilin is activated
to undergo autoproteolysis into an N-ter-
minal fragment (NTF) and a C-terminal
fragment (CTF),with theactivesite residing
at the interface between these two newly
formed subunits. Importantly, g-secretase
cleaves many other substrates besides
APP, most notably the Notch family of re-
ceptors, the cleavage of which is required
for signaling essential to all metazoans.Muchhasbeendone toelucidatehowg-
secretase accomplishes hydrolysis of
peptide bonds within the membrane, how
this enzyme can go awry in AD, and how
its function might be altered in a
therapeutically safe manner. Regarding
structure, several previous electronmicro-
scopy (EM) studies (oneusingcryo-EM) re-
vealedbasic dimensionsandorientation of
the complex, potential sites for water and
substrate entry, and conformational
changes that occur upon inhibitor binding.
But the relatively poor resolution (12 A˚ at
best) of these structures offered little func-
tional insight. In stark contrast, crystal
structures of rhomboid, S2P, and an
archaeal presenilin homolog provided
detailed snapshots of these other I-CLiPs.
All of these, however, work as single poly-
peptides, unlikeg-secretase,whosestruc-
ture is much more complex.
In solving a structure of g-secretase, Lu
and colleagues optimize expression and
purification of active complexes from a
human cell line and identify a suitable
detergent that is conducive to clearer
EM images. They also employ direct158, July 17, 2014 ª2014 Elsevier Inc. 247
